Changes in the phase composition and crystallite size of a rapid quenched Nd 4:5 Fe 77 B 18:5 alloy, caused by thermomagnetic measurements (TM) have been studied using XRD methods of phase analysis, crystallite size and lattice microstrain determination. Structural changes in regard to optimal magnetic state were additionally analyzed by TEM. Magnetic properties in optimal magnetic state and after TM were observed using room temperature SQUID measurements. The obtained experimental results suggest the Fe 3 B/Nd 2 Fe 14 B and partly -Fe nanocomposite structure of the alloy in the optimized magnetic state, with mean crystallite size (< 30 nm). After TM, an increased amount of -Fe phase, presence of different oxide and Fe-B phases as well as growth of crystallites are found to be the main reasons for the observed quality loss of hard magnetic properties.
Introduction
The permanent magnetic materials based on Nd-Fe-B alloys are widely used due to their outstanding magnetic properties. Alloy compositions and processing conditions have a strong influence on the microstructure of rapidly quenched Nd-Fe-B ribbons and hence on their magnetic properties. The newer nanocrystaline magnetic materials based on Nd(Pr)-Fe-B alloys with reduced Nd content, prepared by the rapid quenching method, are predominantly known as exchange-coupled nanocrystaline composite magnetic materials, 1) having high remanence and magnetic energy despite reduced amount of expensive rare earth element (Nd). Nanocomposite permanent magnets have been recently extensively studied because of their suitability for production of bonded magnets. 2, 3) In general, the microstructure of Nd-Fe-B alloys with a low content of Nd consists of a hard magnetic phase: Nd 2 Fe 14 B, soft magnetic phases: -Fe and/or Fe 3 B phase and a variety of Fe-B-type phases. It is known that magnetic properties of nanocomposite Nd-Fe-B permanent magnetic materials are very sensitive to grain size and phase composition, since the exchange coupling effect is sensitive function of grain size. Increase in grain size would generally result in decrease of remanence enhancement. The main condition for obtaining a nanocomposite structure is the homogenous dispersion of a hard phase in a soft phase with a mean grain size in the nano scale (< 40 nm), because intergranular coupling between the phases only becomes more pronounced in the nano scale. The formed nanocomposites Fe 3 B/Nd 2 Fe 14 B and/orFe/Nd 2 Fe 14 B i.e. exchange interaction between mutually coupled nanocrystalline hard and soft magnetic phases are directly responsible for an increase of remanence and magnetic energy. 4) In this paper, the changes of phase composition and structure parameters caused by thermomagnetic measurements and their influence on magnetic behavior of the Nd 4:5 Fe 77 B 18:5 alloy are presented and discussed.
Experimental
The investigated Nd 4:5 Fe 77 B 18:5 alloy was produced by centrifugal atomization technique. The composition of the parental material was Nd-12 mass%, Pr-0.2 mass%, B-4.2 mass%, Al-0.3 mass%, Fe-balance. The applied quenching rate was about 25 m/s, causing a very low degree of crystallinity of the alloy in as quenched state. Previous investigations have confirmed the presence of one crystalline phase Nd 2 Fe 14 B, while the presence of NdO 2 and Fe 3 B crystalline phases could not be excluded.
5) The as quenched powder was subsequently annealed at 660 C for 5 min. The applied heat treatment regime was optimized in preceding investigations. [6] [7] [8] Its basic magnetic characteristics in the optimized magnetic state were i H c ¼ 0:22 MA/m, B r ¼ 1:09 T and (BH) max ¼ 85:1 kJ/m 3 . Thermomagnetic (TM) analysis was performed in the temperature interval 20-800 C using a vibrating sample magnetometer in a field of intensity of 4 kA/m under low vacuum. The powder of investigated alloy was cold-pressed into small tablets having diameter of about 3 mm. The samples were heated up to 800 C with heating and cooling rate kept at 4 C/min. In order to investigate the changes in structure and phase composition that have direct influence on magnetic properties, caused by TM, corresponding microstructural analyses and magnetic measurements were carried out before (in optimized magnetic state) and after the TM.
Phase composition and crystallite size of the rapidquenched Nd-Fe-B alloy were determined by X-Ray powder diffraction (XRD) analysis. For the XRD data collection a Philips Xcelerator automated X-ray powder diffractometer was used. The diffractometer was equipped with a Co-tube. The generator was set-up on 40 kV and 30 mA. A fixed divergence slit 0.76 mm was used. Data for the Rietveld refinement were collected in a continuous mode between 20 and 110 2. Intensity was averaged at every 0.002 2.
The X-ray line-broadenings were analyzed by Fullprof software. 9) In the Fullprof program, X-ray line broadenings were analyzed through refinement of the Thompson Cox Hastings-pseudo Voight (TCH-pV) function parameters, in this case most reliable peak-shape function. For the instrumental broadening correction, standard specimen LaB 6 was used. XRPD pattern of the standard was fitted by convolution to the experimental TCH-pV (U ¼ . Average values of the apparent size and mixing strain are averaged over all directions in the reciprocal space. Values in the parentheses measure degree of anisotropy of the apparent size and maximal strain. Details of the applied models could be found elsewhere. 9) Quantitative phase analysis was done by the FullProf 9) computer program. For quantitative analysis sample was carefully prepared to comply with the definition of a ''powder'': homogeneity and sufficient number of particles with random orientation. According to Brindley 10) and Hill & Howard, 11) in a mixture of N crystalline phases the weight fraction W j of phase j is given by:
where: S j is the scale factor of phase j, Z j is the number of formula units per unit cell for phase j, M j is the mass of the formula unit, V j is the unit cell volume, j is the Brindley particle absorption contrast factor for phase j defined as:
where: V j is the volume of a particle of phase j, j is the particle linear absorption coefficient, u is the mean linear absorption coefficient of the solid material of the powder, x is the path of the radiation in the particle of phase j when reflected by the volume element dV j . The latter parameter accounts for microabsorption effects that become important when the compounds of the powder have rather different linear absorption coefficients. Its calculation requires only the knowledge of the particle radius and linear absorption coefficient . We have assumed that particle radius for all phase was 15 mm. Further microstructural analysis was performed on JEOL JEM 200CX transmission electron microscope (TEM). The samples for TEM analysis were prepared using focused ion beam microscopy (FIB). Magnetic properties of alloy i.e. corresponding hysteresis loops were obtained at ambient temperature using Quantum Design MPMS 5XL Superconducting Quantum Interference Device (SQUID) magnetometer with magnetic field strength in range À3:98 to 3.98 MA/m.
Results and Discussion
The thermomagnetic behavior of the rapid quenched Nd 4:5 Fe 77 B 18:5 alloy and the corresponding phase transformations were analyzed by TM. The obtained TM curves, presented in Fig. 1 , illustrate themomagnetnic properties and phase composition of the investigated alloy.
Next applied method of analysis that provides information about phase composition and microstructure in general i.e. explains the constitution of some minor phases and validates presence of others is XRD. The obtained diffraction spectra confirmed the complexity of both materials (see Fig. 2 ).
In the optimized magnetic state of the alloy, Fe 3 B, Nd 2 Fe 14 B, -Fe and Fe-B phases were identified by XRD analysis. The presence of a Fe 72 B 28 phase, 12) illustrated on TM curves (Fig. 1) , is to be understood more as a representative of Fe(Nd,B) and Fe(B) components, which most likely have origin on surfaces and/or interfaces of fine grains of individual phases, as determined by 57 Fe Mössbauer spectroscopic analysis published in Ref. 5 ). On the presented XRD spectra (Fig. 2 ) atoms of such structures probably appear just in the form of an elevated background count. Although the compositional studies on the phases of the NdFe-B alloys with a low content of Nd show that the formation of metastable Nd 2 F 23 B 3 phase can be expected, [13] [14] [15] XRD analysis was not able to confirm its presence in the alloy after the optimal heat treatment. It could be that this phase is present in very small quantities that are below the sensitivity threshold or that the heating rate during the annealing was high enough to avoid the formation of this intermediate metastable phase, as reported by Gao et al. 16) According to the results of XRD analysis (Fig. 2) it is deleterious to the magnetic properties of the magnets. 18) Still, small amounts of this phase can be quite commonly found in Nd-Fe-B magnetic materials. The presence of the Nd 2 O 3 phase and other oxide phases formed during the TM can be also observed.
To obtain a better understanding of the influence of phase composition and crystallite size of the identified phases on the magnetic properties before and after TM, size-strain and quantitative phase analyses of the XRD data were performed. The amount of the hard and soft magnetic phases and their crystallite sizes, calculated by Full-Prof program are presented in Table 1 and Table 2 . Comparisons between observed and calculated intensities are presented in Fig. 2 . The vertical bars indicate the positions of the reflections and the difference patterns are given below.
Different ability of phases to absorb X-rays was taken into account for the calculation of content of crystalline phases. The results of XRD show very good agreement with the results of chemical analysis. For the sample in the state before TM, mass amounts of each cation (per gram of the sample) calculated from the phase mass percentages are: Nd-11.64%, Fe-85.51%, B-2.85%. After the TM individual atom mass contents are: Nd-11.66%, Fe-81.76%, B-2.24%, O-4.41%. When judging the validity of the obtained agreement, partial oxidation of the sample after the TM should be considered. Furthermore, a rather good correspondence of the individual atom content in the sample before and after the TM can be observed as well.
Unit cell of the Nd 2 Fe 14 B phase in the state before and after TM (Table 1, Table 2 ) is slightly smaller compared to the values found in literature, which can be caused by embedding of the Pr atom in crystal structure. Somewhat bigger unit cell of -Fe phase before the TM is probably the consequence of embedding of Nd (or even Pr) atom in the -Fe structure. On the other side, after the TM Nd (and maybe Pr) atoms most likely ''leave'' the -Fe structure.
After the TM, slightly bigger unit cell of Nd 2 O 3 than theoretical can be observed (Table 2 ). This is possibly the consequence of the transformation of the microstructure into high temperature disordered state. 25) Bigger unit cell of Fe 3 BO 6 is probably caused by embedding of the Nd (or Pr) atoms in the structure which could replace Fe atoms, as well as possible replacement of B atom with Al atom.
In the both samples, before and after TM, Pr atoms are most probably replacing Nd atoms in the Nd-containing phases. However, Al atoms were not detected, so it is possible that Al atoms are replacing Fe atoms in Fecontaining phases or that they are included in some remnant amorphous phase.
Results of microstructural analysis of the material in the state before TM show low degree of crystallinity of the present phases, in particular -Fe. Small sizes of crystallites and high values of microstrain support this. Microstructural From the results of XRD analysis (Fig. 2 , Table 1 and  Table 2 ), it is obvious that after TM, the amount of main hard magnetic phase Nd 2 Fe 14 B decreases in respect to the optimized magnetic state. Consequently, the number and content of soft magnetic phases had increased, predominantly -Fe. The average crystallite size of all identified phases had also increased. Practically, the increase of temperature during TM resulted in thermal decomposition of the alloy and growth of the crystallites. Moreover, partial oxidation of the alloy during the TM can be observed, as the presence of Nd 2 O 3 and Fe 3 BO 6 phases was determined.
The bright field TEM micrograph ( Fig. 3(a) ), showing the average grain size in the optimized magnetic state below 30 nm, confirms the mean crystallite size calculated from the XRD data. Thus, on average, this indicates that one grain is composed of one crystallite. A microdiffraction analysis gave evidence for the mixing of the nanocrystalline phases. Taken together the results of XRD and TEM analyses imply that the alloy in optimized state has a nanocomposite structure of Fe 3 B/Nd 2 Fe 14 B type and partly -Fe. TEM analysis of the sample after TM has confirmed the growth of the crystallites induced by increase of temperature up to 800 C ( Table 2 , Fig. 3(b) ). The obtained electron diffraction patterns show very high density of diffraction rings, due to which the reliable identification of present phases was not possible. 26) The shape of corresponding SQUID hysteresis loops (Fig. 4) demonstrate the considerable difference between the state with optimized magnetic properties and the state after the thermal decomposition induced by the TM.
The hysteresis loop for the optimized magnetic state (Fig 4(a) ) indicates the presence of the interaction of ferromagnetic exchange coupling between the grains of hard magnetic Nd 2 Fe 14 B phase and soft magnetic phases, suggesting the nanocomposite structure of the investigated alloy. The obtained high value of remanence (B r ¼ 1:09 T) and calculated remanence ratio (Jr=Js ¼ 0:6), higher than the theoretical limit for an assembly of isotropic non-interacting single domain particles given by the Stoner-Wohlfarth theory, 27) support this. The change of magnetic behavior after the TM, which is clearly visible in Fig. 4(b) , is in correspondence with the phase transformations and structural changes which have occurred during the TM. Increased amount of the main decomposition product -Fe and presence of a number of different Fe-B and oxide phases as well as increase of mean grain size after the TM are the main reason for the quality loss of investigated magnetic material.
Conclusion
The presented experimental results clearly illustrate the substantial difference in the structure, phase composition and corresponding magnetic properties of the rapid-quenched Nd 4:5 Fe 77 B 18:5 alloy in optimized magnetic state and in state after thermomagnetic measurements. Both the mean crystallite size and grain size of the investigated alloy in optimal magnetic state determined by XRD and TEM analysis were below 30 nm indicating that in average one grain is composed of one crystallite i.e. all crystalline phases were well crystallized. Composed of Nd 2 Fe 14 B, Fe 3 B and -Fe phases, the alloy in the optimized magnetic state has mainly a nanocomposite structure. The value of the remanent ratio Jr=Js > 0:5, calculated from the SQUID hysteresis loop, suggests that exchange coupling interactions between grains of the soft and hard magnetic phase exist. This assumption is supported by the higher value of the remanence and (BH) max , which are typical for nanocomposite structures of Nd-Fe-B alloys. The increase of temperature during TM resulted in the growth of the crystallites and a decrease of the amount of Nd 2 Fe 14 B, due to an increase in the amounts of the -Fe and Nd-oxide fractions, in respect to the optimized magnetic state. Altogether, the results of XRD, TEM analyses and SQUID magnetic measurements show that the structural and microstructural changes (phase compositions, crystallite size) have a direct influence on magnetic behaviour and they are the main reason for the deterioration of magnetic properties after the thermomagnetic measurements. 
